Glycine betaine/Radioprotection/Chromosome aberration/ g g g g -rays/Heavy ions. Human whole-blood was exposed to 137 Cs g -rays or 50 keV/ m m carbon ions in the presence or absence of glycine betaine, a beer component in vitro . The dicentrics of chromosome aberrations in human lymphocytes were significantly ( p < 0.05) reduced by glycine betaine after irradiation with 4 Gy of either g -rays or carbon ions. The maximum protection by glycine betaine for g -rays or carbon ions was 37% and 20%, respectively. C3H/He female mice, aged 14 weeks, received an i.p. injection of glycine betaine 15 min before whole-body irradiation with g -rays or 50 keV/ m m carbon ions. Glycine betaine significantly ( p < 0.05) increased the percent survival of irradiated mice with either g -rays or carbon ions.
INTRODUCTION
The search for chemical agents that are able to protect human beings from ionization radiation is a key issue in radiation biology. 1) Because most radioprotective substances produce severe side effects, radioprotective agents with low toxicity have been searched for many years. Radioprotective activities of foods including vitamins, garlic extract, squalene, caffeine and miso (fermented soy bean paste) have been reported. [1] [2] [3] [4] [5] [6] [7] [8] [9] We have reported that drinking beer reduces radiation-induced chromosome aberrations in human lymphocytes. 10) Beer inhibits salmonella mutation; b -pseudouridine and glycine betaine in beer could inhibit the mutagenicities of N -methyl-N -nitro-N -nitrosoguanidine (MNNG) and of 2-chloro-4-methylthiobutanoid (CMBA) in Salmonella . 11) We have further found that b -pseudouridine reduce chromosome aberrations after radiation with X-rays and charged particles. 12) In this study, we investigated and report that glycine betaine reduced the chromosome aberrations in human lymphocytes and protected mice from the lethal effects of irradiation.
MATERIALS AND METHODS

Mice
C3H/HeMsNrsfICR female mice of 14 week-old (around 30 g body weight) were used. These mice were produced and maintained in the specific pathogen free (SPF) facilities at the National Institute of Radiological Sciences (NIRS). Mice irradiated with g -rays were kept in the SPF facilities, while mice for receiving carbon ions were transported to the accelerator facility shortly before irradiation. They were housed four to five per cage. Food and water (pH 2.3) were supplied ad libitum , till one day before irradiation, and only water was supplied for subsequent 24 h. After radiation, food and water were supplied until the termination of experiments.
Blood sampling
Blood was collected in heparinized tubes (Becton Dickinson Co., NJ, USA) from healthy, non-smoking volunteers (1 male and 2 females). Subjects were social drinkers (350 ml beer per day), and they did not take beer one week before experiment.
Treatment with glycine betaine
In vitro experiment, glycine betaine ( Fig. 1) was dissolved in saline, and added to whole-blood samples with final concentrations of up to 300 mM. The samples were kept at room temperature for 1 h before irradiation.
In vivo experiments were performed to study chemical dosage administered in mouse. Mice in one group were given an i.p. injection of 0.3 ml of glycine betaine (Wako Pure Chemicals Co., Ltd., Osaka, Japan) with various concentrations (0.08, 0.16 and 0.31 g/ml) or saline 15 min before irradiation. Mice in the other group were orally administered with 1 ml of either glycine betaine of various concentrations (29, 59 and 117 mg/ml) or saline via orogastric tube 30 min before irradiation. Maximum administered dose is approximately maximum tolerated dose.
Irradiation
Whole-blood samples were irradiated in air at room temperature with either 137 Cs g -rays (GammaCell-40, Nordin International, Inc., Canada) at a dose rate of 0.98 Gy/min or 12 C ion beams (LET: 50 keV/ m m) at a dose rate of 3 Gy/min. Carbon ions were accelerated up to 290 MeV/u by the HIMAC (Heavy Ion Medical Accelerator in Chiba) synchrotron at the National Institute of Radiological Science (NIRS, Chiba, Japan). Lucite absorbers with 141 mm thickness were used to define a LET of 50 keV/ m m, which is a dose-averaged value including the contribution of fragments. Irradiation was carried out at room temperature.
Mice were placed in a Lucite box and were given wholebody irradiation at 0.5 Gy/min with a 137 Cs g -ray unit under unanesthetized conditions. Carbon ions were accelerated up to 290 MeV/u with HIMAC synchrotron at the National Institute of Radiological Science (NIRS, Chiba, Japan). Lucite absorbers with 81 mm thickness were used to select the LET of 50 keV/ m m within the Spread-Out-Bragg-Peak (SOBP) 6 cm wide.
Lymphocyte culture and slide preparation
One ml of irradiated whole-blood was cultured in 9 ml of a RPMI 1640 medium (Gibco-BRL, N.Y., USA) supplemented with 20% (v/v) fetal bovine serum, 1.25 mg/ml sodium bicarbonate, 90 m g/ml PHA-M (Murex Biotech Ltd., UK) and 0.05 m g/ml colcemid (Wako pure Chemical Industries, Ltd., Osaka, Japan). Colcemid was added to the medium at the beginning of the culture in order to obtain a sufficient number of cells at the metaphase in the first cell division. 13) After the culture for 53 h at 37 ∞ C, the cultured cells were treated with a hypotonic (75 mM) KCl solution for 20 min at 37 ∞ C, and fixed in methanol acetic acid (3:1). Chromosome preparations were made by dropping a cell suspension to a slide that was kept sloped slightly under the warm and humid atmosphere condition. The slides were stained with 4% Giemsa in phosphate buffered saline (pH 6.8), embedded in Eukitt (O. Kindler, Germany), and finally observed under a light microscope with the highest magnification ( ¥ 1000). One hundred mitotic metaphase figures were examined for each experimental point to detect dicentrics, i.e., unstable type of chromosome aberrations. The experiments were repeated twice.
Survival study
Irradiated mice were observed to see mortality for 30 days after exposure. Data was expressed as % survival. Ten mice per dose point were used for the experiments. All data collected from repeated experiments were combined for analysis.
RESULTS
In vitro glycine betaine treatment
Chromosome aberrations induced by irradiation of g -rays (4 Gy) decreased exponentially with an increase of the glycine betaine concentration over a range of 0 to 150 mM (Fig.  2a) . The dicentric yield was 1.31/cell without glycine betaine addition, and exponentially decreased to 0.92/cell as the glycine betaine concentration increased to 40 mM. A further increase of the glycine betaine concentration up to 150 mM did not bring about greater protection, such that a plateau was observed. Here, the dependence of the dicentric yield, Y, on the glycine betaine concentration, x, could be fitted to the formula
where q n is the fraction of no protection or the plateau, q p is the fraction of protection and d is the exponential decay constant. 14) The values of q p , q n and d were estimated 0.39 ± 0.07 (mean and SE) dicentrics/cell, 0.92 ± 0.04 dicentrics/ cell and 0.19 ± 0.09, respectively. The maximum decrease or protection, defined as q p /( q p + q n ), was 30% (0.39 /1.31).
Chromosome aberrations induced by irradiation of carbon ions (4 Gy) decreased exponentially with an increase of the glycine betaine concentration until 100 mM (Fig. 2b) . A further increase of the glycine betaine again produced a plateau or no further decrease of aberrations at 300 mM. The values of q p , q n and d were estimated 0.27 ± 1.09 dicentrics/cell, 1.31 ± 0.72 dicentrics/cell and 0.02 ± 0.22, respectively. Because the aberration frequency without glycine betaine ( q p + q n ) was 1.58, the maximum protection q p /( q p + q n ) was 17% (0.27/1.58).
Thirty-day lethality
Mice were injected i.p. with glycine betaine of various concentrations (from 0.08 to 0.31 g/ml) in 0.3 ml of saline 15 min before irradiation. The dose of glycine betaine ranged from 24 to 93 mg/ mouse Glycine betaine more than 93 mg/ mouse was lethal dose. After 7.5 Gy g -ray irradiation, the 30-day survivals for 48 and 93 mg glycine betaineinjected mice were 25 and 70% ( p < 0.05), respectively, whereas the 30-day survival for 24 mg glycine betaine-and saline-injected mice were 15% (Fig. 3a) . After 6.5 Gy carbon ion irradiation, the 30-day survivals for 24, 48 and 93 mg glycine betaine-injected mice were 55, 70 and 100% ( p < 0.05), respectively, whereas the 30-day survival for salineinjected mice were 50% (Fig. 3b) . These differences were statistically significant ( p < 0.05 based on analysis of Wilcoxon and Log-Rank test).
Mice were orally administrated with glycine betaine of various concentrations in 1 ml of saline 30 min before irradiation. The dose of glycine betaine ranged from 29 to 117 mg/ml. Glycine betaine more than 117 mg was lethal dose. After 7.5 Gy g -ray irradiation, the 30-day survivals for 29, 59 and 117 mg glycine betaine-administrated mice were 20, 15 and 35%, respectively, and the 30-day survival for saline-administrated mice was 25% (Fig. 4) . There was no significant difference between glycine betaine group and saline group ( p > 0.4).
DISCUSSION
We previously reported that drinking beer reduces a radiation induced chromosome aberration in human lymphocytes, 10) and also reported that beer contains unknown nonethanol elements that protect chromosomes from X-ray and carbon-ion irradiation. 10, 12, 15) In the present study, we showed that glycine betaine reduced the chromosome aberration after g -rays and carbon ions, and glycine betaine protected mice from the lethal effects of g -rays and carbon ions. The radioprotective activity by glycine betaine has not been reported, and its mechanism has not been known.
First, we investigated whether glycine betaine was effective for reducing chromosome aberration after irradiation with g -rays or carbon ions. The maximum protection by glycine betaine against g -rays and 50 keV/ m m carbon ions was 30% and 17%, respectively (Fig. 2a, b) . Roots et al. [16] [17] [18] reported that the contribution of hydroxyl radicals to total radiation damage is ~ 70% for X-rays, and ~ 40% for carbon ions of 52 keV/ m m. Previously, we reported that the maximum protection by ethanol, a hydroxyl radicals scavenger, 16) against chromosome aberration induction was 64%, and 20% for X-rays and for carbon ions of 50 keV/ m m, respectively. Shen et al. 19) showed that glycine betaine possess a hydroxyl radical scavenge activity of approximately 20% at a concentration of 100 mM. Our findings on current analysis were compatible with these reports. The maximum protection dose against g -rays is around 40 mM, or more. On the other hand, the maximum protection dose against carbon ions is around 50~100 mM, or more. The maximum protection dose against carbon ion irradiation is slightly higher than that against g -rays. Energy from radiation is not absorbed uniformly but tends to be localized along the tracks of charged particles. These nonrandom ionized tracks are called in term of "spurs" and "blobs." Spur contains up to 100 eV of energy and involves average 3 ion pairs. Blobs contain average 12 ion pairs. In the case of densely ionizing radiations as carbon ions, a greater proportion of blobs are produced. The difference of maximum protection dose may be due to the difference of the energy deposition.
Second, examination of dosage regimen was performed in mouse. The i.p.-injection was effective (Fig. 3a, b) , but oral administration was not (Fig. 4) . Glycine betaine is a methylation enhancing compound, and is broken down into dimethylglycine during the synthesis of the amino acid methionine from homocysteine, the main pathway for the degradation of glycine betaine. The molecular structure of glycine betaine may be broken down by digestive enzyme or others. It is suggested that the whole molecular structure of glycine betaine may be important in exhibiting the radioprotective activity. Glycine betaine in beer possesses an antimutagenic activity against 2-chloro-4-methylthiobutanoid (CMBA) in Salmonella typhimurium TA100 and TA1535. 20) Kimura et al. 20) also has suggested that the whole molecular structure of glycine betaine may be important in exhibiting the strong antimutagenicity against CMBA. We previously reported that drinking beer reduces a radiation injury, and reported that unknown non-ethanol elements in beer were also important. Glycine betaine may be one of the unknown non-ethanol elements in beer. In this study, however, oral administration of glycine betaine was not effect (Fig. 4) . Although glycine betaine is a beer component, glycine betaine may not relate to the radioprotection by drinking beer. Ghiselli et al. 21) reported that beer drinking increased the plasma antioxidant capacity in humans, and that ethanol alone did not affect the plasma antioxidant capacity, and that dealcoholized beer drinking effected the plasma antioxidant capacity slightly. They discussed that ethanol removal impaired the absorption of beer component. In this study, however, the impairment of absorption may be not the cause of inefficacy, because maximum administered dose is an approximately maximum tolerated dose.
Glycine betaine also decreases liver injury in alcohol-fed mice. Kaplowitz et al . 22) reported that homocysteine-induced ER stress in chronic alcoholic mouse is decreased by glycine betaine which is a methyl donor utilized in the methylation of homocysteine to methionine. Kanbak et al. 23) reported that decreases in glutathione (GSH) concentration induced by ethanol were reversed with S-adenosylmethionine (SAMe) that was increased by glycine betaine administration. Therefore, glycine betaine may have an antioxidative effect in the ethanol-induced peroxidative injury. Glycine betaine also may be a potent protector against radiationinduced peroxidative injury.
It is concluded that glycine betaine is a potent protector against the damages caused by radiation with both indirect and direct actions.
